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(57) ABSTRACT

According to one embodiment, in a method for manufactur-
ing a semiconductor device, a surface region of a semicon-
ductor substrate 1s modified into an amorphous layer. A
microwave 1s 1rradiated to the semiconductor substrate in
which the amorphous layer i1s formed 1n a dopant-containing
gas atmosphere so as to form a diffusion layer in the semi-
conductor substrate. The dopant 1s diffused into the amor-
phous layer and 1s activated.
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METHOD AND APPARATUS FOR
MANUFACTURING SEMICONDUCTOR
DEVICE

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s based upon and claims the benefit of
priority from the prior Japanese Patent Application No. 2009-

161229, filed on Jul. 7, 2009, the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a
method and an apparatus for manufacturing a semiconductor
device.

BACKGROUND

In an LSI (Large Scale Integration) of a next generation or
later, an extension diffusion layer with a depth shallower than
10 nm 1s required, and a new impurity doping technology and
an ultra short time anneal technology are being developed at
present so as to form such an extremely shallow diffusion
layer.

Usually, 1n order to form a diffusion layer, after an impurity
1s doped 1n a semiconductor substrate, the semiconductor
substrate 1s annealed. So as to form an extremely shallow
diffusion layer using such a method, with respect to a doping
technology a plasma doping and so on are noticed consider-
ing a three dimensional structure, and with respect to an
anneal technology an ultra short time anneal such as a laser
anneal, a flashlight anneal and so on are noticed.

But in such technologies, a process to dope an impurity and
a process to anneal are performed by separate apparatuses for
manufacturing a semiconductor device, which invites an
increase in equipment mvestment cost. In addition, in the
laser anneal and the tlashlight anneal, as a surface of a semi-
conductor substrate 1s heated to a high temperature, a tem-
perature difference 1s generated between the front surface and
a rear surface of the semiconductor substrate, and the semi-
conductor substrate curves by heat stress, so that there 1s a
possibility to generate a problem and so on that crystal defects
such as crystal dislocation and so on generates 1n the semi-
conductor substrate.

In addition, with respect to another method to form a dif-
tusion layer, there 1s a method where after an impurity layeris
formed 1n a semiconductor substrate by an 1on implantation
and so on, a microwave 1s irradiated to the semiconductor
substrate to anneal whole the semiconductor substrate. Such

a method for manufacturing a semiconductor device 1s dis-
closed i1n Japanese Patent Application Publication No.
10-189473.

But 1n such a method for manufacturing a semiconductor
device, 1n case that an extremely shallow diffusion layer with
a depth of not more than 10 nm 1s formed, it 1s necessary to
decrease suificiently an acceleration voltage 1n 1on 1mplanta-
tion. When the acceleration voltage 1s low, a variation 1s
generated 1n the distribution of the impurity 1in a depth direc-
tion, so that there 1s a possibility that the desired extremely
shallow diffusion layer can not be formed. In addition, 1n the
same manner as 1n the above-described laser anneal and so on,
an apparatus for manufacturing a semiconductor device so as
to dope an impurity and an apparatus for manufacturing a
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semiconductor device so as to anneal a semiconductor sub-
strate are required separately, which invites an increase in

equipment mvestment cost.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross-sectional view schematically showing a
main portion 1n the order of manufacturing steps of the semi-
conductor device according to a first embodiment;

FIG. 2 1s a cross-sectional view schematically showing the
main portion 1n the order of manufacturing steps of the semi-
conductor device according to the first embodiment;

FIG. 3 1s a cross-sectional view schematically showing the
main portion in the order of manufacturing steps of the semi-
conductor device according to the first embodiment;

FIG. 4 15 a cross-sectional view schematically showing the
main portion in the order of manufacturing steps of the semi-
conductor device according to the first embodiment;

FIG. 5 1s a cross-sectional view schematically showing the
main portion in the order of manufacturing steps of the semi-
conductor device according to the first embodiment;

FIG. 6 1s a cross-sectional view schematically showing the
main portion 1n the order of manufacturing steps of the semi-
conductor device according to the first embodiment;

FIG. 7 1s a cross-sectional view schematically showing the
main portion in the order of manufacturing steps of the semi-
conductor device according to the first embodiment;

FIG. 8 15 a cross-sectional view schematically showing the
main portion in the order of manufacturing steps of the semi-
conductor device according to the first embodiment;

FIG. 9 15 a cross-sectional view schematically showing the
main portion in the order of manufacturing steps of the semi-
conductor device according to a first embodiment;

FIG. 10 1s a graph schematically showing a change 1n a
temperature of a semiconductor substrate 1n the main portion
of the manufacturing step of the semiconductor device
according to the first embodiment;

FIG. 11 1s a perspective view schematically showing an
impurity doping into a side wall of a three dimensional struc-
ture 1n the main portion of manufacturing step of a semicon-
ductor device according to a second embodiment;

FIG. 12 1s a perspective view schematically showing the
structure of the semiconductor device according to the second
embodiment; and

FIG. 13 15 a view schematically showing an apparatus for
manufacturing the semiconductor device according to a third
embodiment.

DETAILED DESCRIPTION

According to one embodiment, 1n a method for manufac-
turing a semiconductor device, a surface region of a semicon-
ductor substrate 1s modified into an amorphous layer. A
microwave 1s 1rradiated to the semiconductor substrate in
which the amorphous layer 1s formed 1n a dopant-containing
gas atmosphere so as to form a diffusion layer 1n the semi-
conductor substrate. The dopant 1s diffused into the amor-
phous layer and 1s activated.

According to another embodiment, in a method for manu-
facturing a semiconductor device, a surface region of a side
wall of a semiconductor layer 1s modified into an amorphous
layer. The semiconductor layer 1s formed on a semiconductor
substrate. A microwave 1s irradiated to the semiconductor
layer of which the amorphous layer 1s formed 1n the side wall
in a dopant-containing gas atmosphere so as to form a difiu-
sion layer 1n the side wall of the semiconductor layer. The
dopant 1s diffused into the amorphous layer and 1s activated.




US 8,435,872 B2

3

According to further another embodiment, an apparatus for
manufacturing a semiconductor device includes a chamber to
load a semiconductor substrate inside, at least one microwave
waveguide connected to the chamber so as to itroduce the
microwave 1nto the chamber and an impurity gas imntroducing,
piping connected to the chamber so as to introduce the 1mpu-
rity gas into the chamber.

Hereinatter, further embodiments will be described with
reference to the drawings. In the drawings, same reference
characters denote the same or similar portions.
|F1irst Embodiment]

A first embodiment will be described with reference to
FIGS. 1 t0 9. FIGS. 1 to 9 are the cross-sectional views each
schematically showing a main portion in the order of manu-
facturing steps of the semiconductor device according to the
first embodiment.

The embodiment 1s an example of manufacturing a semi-
conductor device which includes CMOS (Complementary
Metal Oxide Semiconductor) transistors with an extension
structure.

To begin with, as shown 1 FIG. 1, an element 1solation
region 101 with an STI (Shallow Trench Isolation) structure 1s
formed using a known method on a main surface of a silicon
substrate (semiconductor substrate) 100 so as to zone aregion
to form a PMOSFET (heremafter, referred to simply as
“PMOS region”) and a region to form a NMOSFET (herein-
after, referred to simply as “NMOS region”). Next, an N well
diffusionlayer 120 1s formed in the PMOS regionand a P well
diffusion layer 110 1s formed 1n the NMOS region using a
well know method. Next, using a known method, 1n each of
the PMOS region and the NMOS region, an interface layer
131 composed of S10N, a high dielectric constant gate insu-
lating film 132 composed of HIS1ON, a TiN film 133, a gate
clectrode 134 composed of a polycrystalline silicon film
doped with impurity, and an oifset spacer 135 are formed.

Next, as shown 1n FIG. 2, an S10,, film 140 1s deposited on
cach of the NMOS region and the PMOS region of the silicon
substrate 100, and then the S10,, film 140 of the NMOS region
1s removed by etching using a resist 141 with an opening
portion at the NMOS region formed by a known method as a
mask. After that, an upper portion of the silicon substrate 100
of the NMOS region 1s modified into an amorphous portion
by implanting germanium (Ge) 10ns into the silicon substrate
100 of the NMOS region which 1s exposed from the S10,, film
140. By this, a layer 111 which 1s made amorphous (herein-
alter referred to as simply “amorphous layer”) 1s formed at the
upper portion of the silicon substrate 100 of the NMOS
region. With respect to a method to form the amorphous layer
111, 10ns of other elements such as argon (Ar), krypton (Kr)
and so on may be implanted other than the above-described
ion 1implantation method by Ge.

By making the upper portion of the silicon substrate 100
amorphous, silicon atoms 1n the amorphous layer 111 become
casy to move. By this, in a process to form an extension
diffusion layer described below, 1t becomes possible to dii-
fuse and activate dopant effectively in the amorphous layer
111.

In addition, 1t 1s preferable that a depth of the amorphous
layer 111 1s formed deeper than a desired depth of the exten-
s1on diffusion layer described below. That 1s, in case that the
desired depth of the extension diffusion layer 1s 10 nm, for
example, 1t 1s preferable that the depth of the amorphous layer
111 1s formed deeper than 10 nm. If a depth of the amorphous
layer 111 1s formed shallower than a depth of the extension
diffusion layer, the dopant becomes difficult to be activated at
a region of the extension diffusion layer deeper than the
amorphous layer 111. But, by forming the amorphous layer
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111 deeper than the desired depth of the extension diffusion
layer, the dopant 1s activated to a depth of the desired depth of
the extension diffusion layer, so that the extension diffusion
layer can be etfectively formed to the desired depth. In addi-
tion, the term “depth” means a distance from the surface of the
s1licon substrate 100 1n the direction vertical to the surface of
the silicon substrate 100.

Next, as shown 1n FIQG. 3, after the resist 141 1s removed, a
microwave 1s 1rradiated to the silicon substrate 100 in the
atmosphere of an impurity gas (arsine (AsH,;), or phosphine
(PH,) and so on, for example). By this, the dopant included 1n
the impurity gas diffuses and 1s activated 1n the surface of the
s1licon substrate 100 of the NMOS region, so that a diffusion
layer (an extension diffusion layer) 112 1s formed. A process
to form the diffusion layer 112 is performed by introducing
the impurity gas into a chamber (not shown) in which the
s1licon substrate 100 1s loaded, and 1n addition mtroducing a
microwave into the chamber. In the above-described method
to form the diffusion layer using the microwave, the impurity
gas including dopant comes 1n contact with the silicon sub-
strate 100 1n which silicon atoms vibrate or rotate by the
irradiation of the microwave, and the dopant diffuses into the
amorphous layer 111 formed 1n the silicon substrate 100 and
in addition the dopant 1s activated.

In the vibration or the rotation of the silicon atoms induced
in the silicon substrate by the microwave irradiation, it 1s
possible to keep the surface temperature of the silicon sub-
strate at a low temperature of 200° C. to 600° C. For the
reason, while suppressing a rapid diffusion of the impurity
due to temperature gradient, a modest diffusion of the impu-
rity due to Brownian movement takes place, and as the impu-
rity 1s activated by the vibration or the rotation of the silicon
atoms, an extremely shallow diffusion layer can be formed. In
addition, the term “impurity gas™ in the embodiment means a
gas including dopant to be imntroduced into the diffusion layer.

In addition, 1t 1s preferable that a frequency of the micro-
wave which 1s 1irradiated to the silicon substrate 1s 2.45 GHz,
5.80 GHz or 24.125 GHz which 1s designated as ISM (Indus-
trial, Scientific and Medical Use) band. That 1s because a
magnetron and so on to generate the microwave can be
obtained at a low price. In addition, the microwave usually
used has a definite frequency band, and the above-described
2.45 GHz, 5.80 GHz or 24.125 GHz 1s a frequency included
in the frequency band of the microwave to be used.

In addition, a timing to introduce a microwave and an
impurity gas into a chamber will be described with reference
to FIG. 10. FIG. 10 1s a diagram schematically showing a
change 1n a temperature of a silicon substrate caused by
irradiating the microwave. As shown in FIG. 10, when 1t 1s
started to introduce the microwave in the chamber at t=0
[sec], the temperature reaches a temperature T=T11 [° C.]
where the amorphous layer 111 of the silicon substrate 100
begins to crystallize at t=t1 [sec]. When the amorphous layer
111 crystallizes silicon atoms become difficult to move, and
in the process to form the diffusion layer the amount of the
dopant diffusing into the amorphous layer 111 decreases so
that the diffusion layer can not formed effectively. For the
reason, 1t 1s preferable to start to introduce the impurity gas
into the chamber before the temperature reaches the tempera-
ture (1n F1G. 10, T=T11 [° C.]) where the amorphous layer 111
begins to crystallize.

In addition, it 1s preferable that the microwave 1s 1ntro-
duced into the chamber under the condition that the impurity
gas 1n the chamber 1s not 1on1zed to plasma by the microwave.
This 1s because of preventing that unnecessary contamination
material generates from the wall of the chamber or a j1g.
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Next, as shown 1n FIG. 4, the S10,, film 140 1s removed by
etching, and after an S10, film 142 1s deposited on each of the
NMOS region and the PMOS region the S10,, film 142 of the

PMOS region 1s removed by etching using a resist 143 with an
opening portion at the PMOS region formed by a known
method as a mask. After that, an upper portion of the silicon
substrate 100 at the PMOS region 1s modified 1into an amor-
phous portion by implanting germanium (Ge) 1ons 1nto the
silicon substrate 100 of the PMOS region which 1s exposed
from the S10, film 142. By this, a layer 121 which 1s made
amorphous (heremaiter referred to as simply “amorphous
layer) 1s formed at the upper portion of the silicon substrate
100 of the PMOS region. With respect to a method and con-
dition and so on to make amorphous 1s the same as 1n the case
to form the amorphous layer 111 at the NMOS region as
described above, and the descriptions thereol are omitted.
Then the resist 143 1s removed by etching.

Next, as shown 1n FIG. 5, after the resist 143 1s removed, a
microwave 1s 1rradiated to the silicon substrate 100 in the
atmosphere of an impurity gas (boron trifluoride (BF,), or
diborane (B,H,) and so on, for example). By this, the dopant
included 1n the impurity gas diffuses in the surface of the
s1licon substrate 100 at the PMOS region, so that a diffusion
layer (an extension diffusion layer) 122 i1s formed. A process
to form the diffusion layer 122 is performed by introducing,
the impurity gas mto a chamber (not shown) in which the
s1licon substrate 100 1s loaded, and 1n addition introducing a
microwave in the chamber. With respect to a condition to
irradiate the microwave and an effect caused by using the
microwave and so on are the same as in the case to form the
amorphous layer 112 as described above, and the descriptions
thereof are omitted.

Next, as shown 1n FIG. 6, after the S10, 11lm 142 1s removed
by etching a side wall 113 1s formed at the NMOS region by
a known method. Then, an N-type source/drain diffusion
layer 114 1s formed using a resist 144 with an opening portion
at the NMOS region as a mask. Then, the resist 144 1s
removed by etching.

Next, as shown 1n FIG. 7, after a side wall 123 1s formed at
the PMOS region by a known method, a P-type source/drain
diffusion layer 124 1s formed using a resist 145 with an
opening portion at the PMOS region as a mask. Then, the
resist 145 1s removed by etching.

Next, as shown 1n FIG. 8, after an mert gas 1s itroduced
into the chamber in which the silicon substrate 100 1s loaded,
a microwave 1s introduced into the chamber. By this, the
s1licon substrate 100 1s annealed 1n the atmosphere of the 1nert
gas at a temperature of 200° C. to 600° C. by the microwave,
and the N-type source/drain diffusion layer 114 and the
P-type source/drain diffusion layer 124 are activated. In addi-
tion, as the microwave penetrates through the silicon sub-
strate 100, the microwave can also be used to activate a deep
diffusion layer such as the N-type source/drain diffusion layer
114 and the P-type source/drain diffusion layer 124.

Next, as shown 1n FIG. 9, nickel silicide 136 1s formed on
cach of the surface of the N-type source/drain diffusion layer
114, the surface of the P-type source/drain diffusion layer
124, and the upper surfaces of the gate electrodes 134, respec-
tively.

As described above, 1n the embodiment, 1n case of forming
the extension diffusion layers (the diffusion layers 112, 122)
of the CMOS transistor, a microwave 1s 1rradiated to the
s1licon substrate 100 1n the impurity gas atmosphere. By this,
it can be made possible to diffuse and activate the dopantin a
low temperature, so that the extremely shallow diffusion lay-
ers can be formed.
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In addition, the description was made with respect to the
case of forming the extension diffusion layers of the CMOS
transistor 1n the embodiment. But a method for manufactur-
ing a semiconductor device according to the embodiment 1s
not limited to the case, but can be applied to cases for forming
various extremely shallow diffusion layers.

In addition, the silicon substrate was used as the semicon-
ductor substrate in which the diffusion layer 1s formed 1n the
embodiment. But a semiconductor substrate 1n which an
extremely shallow diffusion layer 1s formed 1s not limited to
a silicon substrate, but various semiconductor substrates can
be used.

[Second Embodiment]

A method for manufacturing a semiconductor device
according a second embodiment will be described with ret-
erence to FIG. 11. FIG. 11 1s a diagram showing a main
portion of a method for manufacturing a semiconductor
device according to a second embodiment, and a schematic
diagram to explain a case that a diffusion layer i1s formed 1n a
side wall of a three dimensional structure.

FIG. 11(a) shows typically a case that a diffusion layer 1s
formed 1n a side wall of a three dimensional structure by a
conventional method. Here, a conventional method indicates
a method to form a diffusion layer in a semiconductor sub-
strate by an 1on 1implantation and then to activate the diffusion
layer by annealing the semiconductor substrate. FIG. 11(5)
shows typically a case that a diffusion layer 1s formed 1n a side
wall of a three dimensional structure by a method according
to the embodiment. In addition, 1n the following description
with respect to the embodiment, a direction 1n parallel with a
surtace of a semiconductor substrate 200 1s referred to as “a
horizontal direction”, and a direction perpendicular to the
surtace of the semiconductor substrate 200 1s referred to as “a
vertical direction”.

As shown 1n FIG. 11(a), 1n case that a diffusion layer 202
1s formed 1n a side wall of a semiconductor layer 201 of a three
dimensional structure by a conventional method, after 10ons
are implanted in the side wall from an approximately vertical
direction (a direction 1n approximately parallel with the side
wall of the semiconductor layer 201), the semiconductor
layer 201 1s annealed. With respect to an 1on implantation
method, there 1s an oblique 10n 1implantation method, but 1t 1s
difficult to perform 1on implantation in the surface of the side
wall of the semiconductor layer 201 from the vertical direc-
tion. For the reason, as shown 1n FIG. 11(a), there 15 a possi-
bility that the diffusion layer formed by the oblique 1on
implantation method and so on 1s not uniform for a depth
direction (horizontal direction) of the diffusion layer.

On the other hand, as shown 1n FIG. 11(d), 1n case that the
diffusion layer 202 i1s formed 1n a side wall of the semicon-
ductor layer 201 of a three dimensional structure by a method
according to the embodiment, after an amorphous layer 1s
formed by an 10n implantation and so on into the semicon-
ductor layer 201, a microwave 1s rradiated to the semicon-
ductor layer 201 in an impurity gas atmosphere. In the
method, 1t 1s possible to 1irradiate the microwave to the surface
of the side wall of the semiconductor layer 201 from the
approximately vertical direction. For the reason, as shown 1n
FIG. 11(b), the impurity gas comes 1n contact with the silicon
substrate 1n which silicon atoms vibrate approximately uni-
formly by the microwave, and the dopant diffuses into the
amorphous layer formed in the semiconductor layer 201 and
the dopant 1s activated, so that an approximately uniform
diffusion layer can be formed. In addition, according to the
method, even 1f the amorphous layer 1s not formed approxi-
mately uniform 1n the side wall of the semiconductor layer
201 for a depth direction, the diffusion layer 202 with an
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approximately uniform depth can be formed by forming the
amorphous layer substantially deeper than the depth of the
diffusion layer 202.

Next, with reference to FIG. 12, a case of forming a source/
drain diffusion layer of a FinFET will be described to which
a method for manufacturing a semiconductor device accord-
ing to the second embodiment 1s applied. Processes except a
process to form the source/drain diffusion layer of the FinFET
are the same as 1n an existing method, so that the description
1s omitted. In addition, the construction of each portion of the
FinFET 1s the same as an existing construction, so that the
description 1s omitted.

FI1G. 12 1s a perspective view showing the construction of

a FinFET. As shown in FIG. 12, a FinFET includes a gate

clectrode 215, a gate electrode side wall 216 and a source/

drain region 220 on a semiconductor substrate 213 composed

of a silicon substrate 210 with a buried oxide film 211 formed
on the silicon substrate 210.

As shown in FIG. 12, 1n the construction of the FinFET, the
source/drain region 220 has a three dimensional structure. For
the reason, 1n case that an impurity diffusion layer 1s formed
in the source/drain region 220 of the FinFET, after an amor-
phous layer 1s formed in the source/drain region 220 by an 1ion
implantation and so on, a microwave 1s irradiated to the
source/drain region 220 1n an impurity gas atmosphere. By
this, the dopant which 1s included 1n the impurity gas diffuses
in the surface of the source/drain region 220 and a uniform
diffusion layer (the source/drain region 220) can be formed.

As described above, 1n the embodiment, 1n case that the
diffusion layer 1s formed 1n the semiconductor layer of the
three dimensional structure, the microwave 1s irradiated to the
semiconductor layer in the impurity gas atmosphere. By this,
a diffusion layer which 1s uniform 1n the direction vertical to
the surface of the side wall can be formed in the side wall of
the semiconductor layer of the three dimensional structure.
| Third Embodiment]

An apparatus for manufacturing a semiconductor device
according to a third embodiment will be described with ret-
erence to FIG. 13. FIG. 13 1s a pattern diagram showing an
apparatus for manufacturing a semiconductor device which 1s
used for a method for manufacturing a semiconductor device
according to the first embodiment or the second embodiment.

The apparatus for manufacturing a semiconductor device
1s provided with a chamber 300 to load a silicon substrate
inside, microwave waveguides 310, 311 each of which 1s
connected to the chamber 300 so as to introduce a microwave
into the chamber 300, and impurity gas introducing pipings
320, 321 each of which 1s connected to the chamber 300 so as
to introduce an impurity gas into the chamber 300. With
respect to the microwave waveguides 310, 311, without lim-
ited to a case that the two are provided, 1t may be enough that
one or more microwave waveguides are provided.

A boat 350 1s provided in the chamber 300. A silicon
substrate 351 1s loaded on the boat 350.

Each of the microwave waveguides 310, 311 1s connected
to a microwave output source such as a magnetron oscillator
(not shown) and so on, and introduces a microwave from the
microwave output source into the chamber 300. With respect
to the microwave output source, a traveling wave tube oscil-
lator and a klystron oscillator and so on can be supposed
except the magnetron oscillator.

Each of the impurity gas introducing pipings 320, 321
introduces an impurity gas into the chamber 300 so as to form
a diffusion layer in the silicon substrate 351 loaded in the
chamber 300. The impurity gas mtroducing piping 320 is
used so as to imtroduce a gas such as AsH,, PH, and so on into
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the chamber 300. The impurity gas introducing piping 321 1s
used so as to introduce a gas such as BF,, B,H, and so on 1nto
the chamber 300.

In addition, an exhaust piping 330 so as to exhaust the gas
in the chamber 300 and an 1nert gas introducing piping 340 so
as to mtroduce an 1nert gas in the chamber 300 are provided to
the chamber 300.

In this way, 1n the apparatus for manufacturing a semicon-
ductor device according to the embodiment, by providing the
microwave wave guides 310, 311 and the impurity gas intro-
ducing pipings 320, 321, the impurnity gas can be itroduced
in the chamber 300 and 1n addition the microwave can be
introduced in the chamber 300. By this, 1t can be made pos-
sible to form a desired diffusion layer in the semiconductor
substrate loaded in the chamber 300, as shown 1n the first
embodiment and the second embodiment.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not mtended to limit the scope of the inventions.
Indeed, the novel methods and apparatus described herein
may be embodied 1n a vaniety of other forms; furthermore,
various omissions, substitutions and changes in the form of
the methods and apparatus described herein may be made
without departing from the spirit of the inventions. The
accompanying claims and their equivalents are intended to
cover such forms or modifications as would fall within the
scope and spirit of the mventions.

What 1s claimed 1s:

1. A method for manufacturing a semiconductor device,
comprising;

moditying a surface region of a semiconductor substrate

into an amorphous layer by implanting impurity 1ons
into the semiconductor substrate; and

irradiating a microwave to the semiconductor substrate in

which the amorphous layer 1s formed in a dopant-con-
taining gas atmosphere so as to form a diffusion layer in
the semiconductor substrate, the dopant being diffused
into the amorphous layer from the dopant-containing
gas atmosphere and being activated.

2. The method for manufacturing the semiconductor
device according to claim 1, wherein the amorphous layer 1s
formed more deeply than the diffusion layer.

3. The method for manufacturing the semiconductor
device according to claim 1, wherein the impurity 1s germa-
nium, argon or krypton.

4. The method for manufacturing the semiconductor
device according to claim 1, wherein

the semiconductor substrate in which the amorphous layer
1s formed 1s loaded in a chamber, the microwave 1is
introduced 1nto the chamber so as to heat the semicon-
ductor substrate and the dopant-containing gas 1s 1ntro-
duced 1nto the chamber betfore a surface temperature of
the semiconductor substrate reaches a temperature
where the amorphous layer begins to crystallize.

5. The method for manufacturing the semiconductor
device according to claim 4, wherein the surface temperature
of the semiconductor substrate 1s from 200° C. to 600° C.

6. The method for manufacturing the semiconductor
device according to claim 4, wherein the dopant-containing
gas comes 1n contact with the amorphous layer where the
constituent atoms of the amorphous layer are vibrating or
rotating by the microwave 1rradiation so that the dopant 1s
diffused 1nto the amorphous layer and 1s activated.

7. The method for manufacturing the semiconductor
device according to claim 1, wherein the microwave 1s irra-
diated under the condition that the dopant-containing gas 1s
not 1onized to plasma.
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8. The method for manufacturing the semiconductor
device according to claim 1, wherein the dopant-containing
gas 1s either a p-type dopant-containing gas or an n-type
dopant-containing gas.

9. The method for manufacturing the semiconductor
device according to claim 8, wherein the p-type dopant-con-
taining gas 1s boron trifluoride or diborane.

10. The method for manufacturing the semiconductor
device according to claim 8, wherein the n-type dopant-con-
taining gas 1s arsine or phosphine.

11. A method for manufacturing a semiconductor device,
comprising;

modifying a surface region of a side wall of a semiconduc-

tor layer 1into an amorphous layer by implanting impu-
rity 1ons 1nto the semiconductor layer, the semiconduc-
tor layer being formed on a semiconductor substrate;
and

irradiating a microwave to the semiconductor layer of

which the amorphous layer 1s formed 1n the side wall 1in
a dopant-containing gas atmosphere so as to form a
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diffusion layer in the side wall of the semiconductor
layer, the dopant being diffused into the amorphous
layer from the dopant-contaiming gas atmosphere and
being activated.

12. The method for manufacturing the semiconductor
device according to claim 11, wherein the amorphous layer 1s
formed more deeply than the diffusion layer.

13. The method for manufacturing the semiconductor
device according to claim 12, wherein the amorphous layer
with non-unmiform depth 1s formed 1n the side wall of the
semiconductor layer, the diffusion layer with approximately

uniform depth 1s formed in the side wall of the semiconductor
layer.

14. The method for manufacturing the semiconductor
device according to claim 11, wherein the microwave 1s 1rra-
diated to the semiconductor layer from a direction approxi-
mately vertical to the surface of the sidewall of the semicon-
ductor layer.
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